Purpose: To investigate the role of vagus nerve activation in the protective effects of hypercapnia in ventilator-induced lung injury (VILI) rats.
of VILI through the activation of the vagus nerve. The aim of the present study was to test whether treatment with hypercapnia could activate vagus nerve activity and attenuate VILI.
■ Methods
All animal procedures adhered to the Guide for the Care and Use of Laboratory Animals, and were performed in accordance with the ethics committee of the Wuhan University.
Specific-pathogen-free adult male Sprague-Dawley rats weighing between 200 and 250 g were maintained in standardized housing with a 12:12h dark light cycle with free access to water and food. Rats were anaesthetized by intraperitoneal injection of pentobarbital (40 mg/ kg) and xylazine (10 mg/kg). After tracheotomy, a metal cannula was inserted into the trachea and connected to a ventilator (Model 683 Ventilator, Harvard Apparatus, Kent, United Kingdom). Mechanical ventilation was set to a tidal volume (Vt) of 8 ml/kg, an inspired oxygen fraction (FiO 2 ) of 0.50, a respiratory rate of 60 breaths/ min and a positive end-expiratory pressure (PEEP) of 0 cm H 2 O for the first 10 mins. The Vt was then increased to 30ml/kg to create high-stretch ventilation in the experimental groups, and these conditions were maintained until the end of the experiment. The respiratory rate was decreased to 12 beats/min in order to maintain a constant minute ventilation and physiologic blood pH. The right cervical vagus nerves were dissected and exposed for vagotomy or discharge recording. The left carotid artery was catheterized for arterial blood pressure (ABP) measurement and arterial blood gas analysis.
Experimental protocol
Control rats (n = 8) were maintained at a low Vt ventilation as described above (Vt = 8 ml/kg, PEEP = 0 cm H 2 O, FiO 2 = 0.5). The VILI groups (n = 32) were randomly assigned to either vagotomy (n = 16) or sham-operated group (n = 16) and each group was further divided into two subgroups: normocapnia (FiCO 2 =0) or hypercapnia (FiCO 2 =0.5) for a period of 4 h (n = 8 per/group). There were thus, four VILI groups: V-NPC (n = 8), V-HPC (n = 8), S-NPC (n = 8) and S-HPC (n = 8) ( Fig. 1) .
Hemodynamics, lung compliance and arterial blood gas measurements were performed hourly throughout the experiment. After 4 h of mechanical ventilation, all rats were sacrificed with a high dose of pentobarbital (100 mg/kg, i.v.). The chest was opened and the lungs were rapidly removed and the right lung was rinsed three times with a single 5 ml aliquot of 4°C fresh saline with
■ Introduction
Mechanical ventilation (MV) is the primary means of treating acute respiratory distress syndrome (ARDS) 1 . MV improves airway injury and oxygenation, but can cause or aggravate lung injury leading to ventilator-induced lung injury (VILI) 2 . Lung protection ventilation strategies such as reducing tidal volume and increasing positive end-expiratory pressure (PEEP) levels can increase the survival rate in ARDS patients 3 . However, these measures can lead to elevated PaCO 2 , resulting in hypercapnia (HPC) which has previously been considered an adverse side effect of lung protection ventilation strategies. However, recent studies have shown that HPC can have a protective effect on multiple organs, and that the application of hypercapnia can improve ALI/ ARDSs 4 . In addition, hypercapnic acidosis can directly attenuate experimental acute lung injuries induced by ischemia-reperfusion 5 , free radicals 6 , endotoxins 7 , systemic sepsis 8 , and VILI both ex vivo and in vivo 9 . These studies indicate that hypercapnic acidosis may reduce lung injury through the inhibition of the nuclear factor-κB inhibitor IκBα and the reduction of cytokines through anti-inflammatory mechanisms 10 .
The cholinergic anti-inflammatory pathway (CAP), a newly discovered neuro-regulatory pathway, can effectively reduce the release of a variety of pro-inflammatory factors, leading to a reduction in systemic and local inflammation.
The antiinflammatory effects of the CAP are dependent on the activation of the vagus nerve. Animal experiments have shown that vagotomy increases inflammatory injury, leading to greater vulnerability to the attack of inflammatory stimulation. Borovikova et al. 11 reported that vagotomy enhances inflammation and mortality in experimental animals. Wolfram et al. 12 found that after colon ascendens stent peritonitis surgery, vagotomy led to significantly increased mortality compared to sham-vagotomized animals. In addition, it has been shown that vagotomy results in enhanced severity of pancreatitis, as reflected by histology, edema, plasma hydrolases, and interleukin-6 levels 13 , and increased infiltration of peritoneal neutrophil granulocytes and macrophages, ultimately leading to an increase in mortality. In addition, vagotomy may influence the recruitment and activity of immune cells to participate in inflammation. Mihaylova et al. 14 found that vagotomy leads to a dramatic decline in immune cell counts (including CD4C T cells and CD8C T cells) in the septic spleen.
In the current study, we hypothesized that hypercapnia plays an important role in the protection fluid recovery of approximately 85-90%. The obtained fluid was centrifuged (1.500 rpm for 10 min at 4°C), and the supernatant was immediately frozen on dry ice and stored at −80°C until processing. The left lung was used for the measurement of wet-to-dry ratio for the assessment of edema. The right upper lung tissues were stored in 4% paraformaldehyde for pathological analysis and myeloperoxidase (MPO) examination.
Vagotomy and vagus nerve activity
Vagotomy was performed by severing the right cervical vagal nerve after it was separated from the carotid sheath. The incision was then sutured closed. The cervical vagal nerve in the sham-operated group was isolated from surrounding tissue but not transected. All procedures followed aseptic techniques and repeated doses of pentobarbital were infused as necessary throughout the operation. In the vagotomized rats, the proximal end of the right vagus nerve was placed on bipolar platinum electrodes (Plastics One, Roanoke, VA) and covered with mineral oil. The sampling signal rate was at 1 KHz and signals were passed through a band-pass filter (100-1000 Hz). Nerve activity was measured using the BL-420F data acquisition and analysis system (Chengdu Taimeng Software Co.LTD, China) during the last 60 min of the experiment.
Histological analysis
After sacrifice, right upper lung tissue was fixed in 4% paraformaldehyde solution for 24h, dehydrated in graded ethanol concentrations, hyalinization and embedded in paraffin. Tissue was sectioned at a thickness of 4 μm and stained with hematoxylin and eosin according to standard methods. Lung injury was scored on a scale of 0-4 based on the average of the following items: (I) alveolar capillary congestion; (II) hemorrhage; (III) infiltration of neutrophils into the airspace or the vessel wall; and (IV) alveolar wall thickness/hyaline membrane formation 15 . A score of 0 signified normal findings, while scores of 1-4 represented mild (<25%), moderate (25-50%), severe (50-75%), and very severe (>75%) lung injury, respectively.
Physiologic measurements
In all experimental series, systemic mean blood pressure (MAP) and heart rate (HR) were recorded at baseline, initiation of test conditions, and at 1-hour intervals thereafter. The blood gas parameters of pH, PO 2 , and PCO 2 were measured hourly with an i-STAT Blood Gas Analyzer (Abbot, Hoofddorp, the Netherlands).
Lung wet-to-dry weight ratio
Lung wet-to-dry weight ratio was used as a measure of pulmonary edema. The fresh left lung was weighed immediately after collection and placed into a 60°C oven to dry for 72h. The dried tissue was then weighed to determine the wet-to dry weight ratio.
Lung mechanics assessment
Airway plateau pressure was measured while holding the breath for 4 seconds at the end inspiratory phase. Lung elastance was calculated as (plateau pressure-PEEP)/Vt. After 4h of mechanical ventilation, lung static compliance was measured using pressure-volume curve.
Myeloperoxidase assay
The inferior lobe of the left lung was stored at -80°C until processing. The tissue was ground into a homogenate to measure MPO activity using a kit (Jiancheng Bio-Technology, Nanjing, China) according to the manufacturer's protocol. Briefly, frozen lung specimens were weighed and homogenized in hexadecyltrimethylammonium bromide (HTAB) buffer (0.5% HTAB in 50 mM phosphate buffer; pH 6.0). Each sample was then sonicated and centrifuged at 40,000 × g for 15 min. MPO activity in each supernatant was assayed to determine the extent of H 2 O 2 -dependent oxidation of ο-dianisidinehydrochloride. Absorbance values were measured on a spectrophotometer at 460 nm and were recorded. MPO activity per gram of lung weight was calculated for each sample.
Bronchoalveolar Lavage Fluid (BALF) protein and total cell counting
BALF was collected by opening the chest via sternotomy. The right main stem bronchus was clamped with a hemostat, the trachea was cannulated and bronchoalveolar lavage (BAL) of the right lung was performed by flushing the lung and airways three times with 5 ml cold (4°C) saline solution and 4 ml of BALF was collected. A 1-ml aliquot of BALF was used for cell counts. The remaining fluid was centrifuged (300 × g at 4°C for 10 min) and the cell-free supernatant was divided into two 1-ml aliquots. One aliquot was snap-frozen in liquid nitrogen and stored at -80°C for subsequent analysis of tumor necrosis factor (TNF-α) and interleukin-8 (IL-8), using commercial enzyme-linked immunosorbent assay kits (R&D Systems, Minneapolis, MN, USA). The remaining aliquot was frozen at -20°C for a measurement of total protein concentration (BCA; Pierce, Rockford, IL).
Statistical analysis
Statistical analysis was carried out using SPSS 17.0 software (SPSS Inc, Chicago, IL, USA). A one-or twoway analysis of variance (ANOVA) or a Student's t-test was used for data analysis. When appropriate, group differences were explored using a Bonferroni post hoc test, or a Mann-Whitney nonparametric test.
■ Results

Hemodynamic variables and gas exchange
MAP and HR remained stable throughout the four hours of mechanical ventilation in all groups. The HR in the S-HPC group tended to be higher than the control group, but the difference did not reach statistical significance. The results of the blood gas analyses (PaO 2 , PaCO 2 and pH values) are shown in Table 1 . In the control group, the PaO 2 /FiO 2 remained stable from 422 ± 32 mmHg to 414 ± 16 mmHg. However, the PaO 2 / FiO 2 dropped steadily from 428 ± 28 mmHg to 308 ± 31 mmHg (P<0.001) in the S-NPC group while the PaO 2 / FiO 2 were stable and significantly increased at each time point in the S-HPC group compared to the S-NPC group (P<0.05). There were no significant differences in PaO 2 / FiO 2 between the HPC and NPC vagotomized rats. Due to metabolic acidosis, the hypercapnic groups (S-HPC and V-HPC group) had significantly lower pH values at every time point. However, pH values did not significantly change in the normocapnia groups. 
Vagus nerve activity
Discharge frequency from the vagus nerve was significantly increased after 20 min of hypercapnia when compared to baseline or normocapnia ( Fig. 2 A-B) . The increase in discharge continued for one hour. In addition, spike activity was significantly enhanced starting 10 min after hypercapnia (Fig. 2 C-D) . 
Pathological changes
Compared to the control group, tissue from the VILI groups showed a thickened alveolar septum and edema, and inflammatory cell and neutrophil infiltration into the pulmonary tissue ( Fig. 3 A-B) . Treatment with HPC lead to decreased pulmonary edema, thinning of the alveolar septum, lower infiltration of inflammatory cells, and decreased exudation of neutrophils ( Fig. 3C) and ultimately, a lower lung injury score (Fig. 3E ). However, vagotomy abolished the protective effects of HPC on VILI rats, as seen by thickened alveolar septum and edema, and inflammatory cell and neutrophil infiltration into the pulmonary tissues ( Fig. 3D) . Analysis of the lung injury scores demonstrated significantly greater injury scores in the S-NPC group vs the control group (P<0.001). Lung injury score was significantly attenuated in VILI rats treated with hypercapnia (the S-HPC group). However, hypercapnia treatment of vagotomized VILI rats (V-HPC group), did not significantly alter lung injury score (no significant difference between the V-HPC group and the V-NPC group). 
Lung mechanics
Lung elastance values at baseline were similar in all groups. However, after 60 minutes, lung elastance increased significantly in all groups compared to the control group (Fig. 4A) . Hypercapnia treatment in the sham group (S-HPC) significantly improved elastance. However, hypercapnia in the vagotomy group (V-HPC) did not lead to improvement. Similarly, the static pressure-volume curves showed that all groups had lower compliance compared with the control group, (Fig. 4B) . However, the pressure-volume relationship of the S-HPC group shifted to the left, while the pressurevolume relationship of the V-HPC group, did not significantly differ from the V-NPC group. 
Wet-to-dry weight ratio
The wet-to-dry weight ratio was significantly increased in VILI rats compared to the control group, indicating increased lung edema ( Table 2 ). The wet-todry ratio was significantly reduced in the S-HPC group compared to the S-NPC group (3.1 ± 0.4 vs. 5.3 ± 0.2, P<0.05), while hypercapnia had no significant effect on wet-to-dry weight ratio in vagotomized rats (V-HPC vs. V-NPC; 5.1 ± 0.3 vs. 4.9 ± 0.2, respectively; P> 0.05).
BALF and MPO Activity in Lung Tissue
The BALF total cell count, protein concentration, MPO activity, and levels of TNF-α and IL-8 were all increased in VILI rats compared to control rats (Table 2) . Treatment with hypercapnia (S-HPC group) significantly reduced cell count, protein concentration, MPO activity and levels of TNF-α and IL-8 in sham operated rats. However, in vagotomized rats, hypercapnia (V-HPC) did not significantly decrease any measure (Table 2) . 
■ Discussion
The main findings of this study are as follows: (1) Injurious MV for 4 h is associated with pulmonary edema, increased levels of BALF inflammatory cytokines TNF-α and IL-8, neutrophil counts, MPO activity, and structural damage. (2) Therapeutic hypercapnia retained the lung wet-to-dry weight ratio, BALF protein content, TNF-α and IL-8 levels, and lung injury score to control level. (3) Vagotomy after VILI abolished the protective effects of hypercapnia. Our data suggest that hypercapnia plays an important role in the protection of VILI through the activation of the vagus nerve.
In the present study, VILI was induced by high volume ventilation. We found that 5% fraction of inhaled CO 2 in experimental animals could maintain PaCO 2 between 60-80 mmHg. This method allows for increasing PaCO 2 without changes in RR or VT. Previous animal studies have found that inhaled CO 2 maintained at a low percentage (6%) provides more protection from the adverse effects of brain ischemia than high percentage (9%) CO 2 16 . Of importance, severe hypercapnia, induced by inhaling 15% CO 2, has been shown to aggravate neurologic injury. Inhaled CO 2 is more beneficial than low minute ventilation and additional dead space in the reduction of lung inflammation. These results are most likely due to a more homogeneous CO 2 distribution in the lung parenchyma 17 .
Recently, it has been generally accepted that injury caused by inappropriate MV, including barotraumas, volutrauma and atelectrauma, will likely develop into local inflammatory disequilibrium or even systemic inflammatory reactions which are characterized by cytokine production, neutrophil recruitment and lung edema, resulting in impaired lung function. In animal models of VILI, both high distending volumes, and cyclical airway closure and reopening, have been associated with an increase in lung neutrophil accumulation, as well as increased BAFL levels of inflammatory mediators (TNF-α and IL-8). VILI has been shown to consistently result in the release of inflammatory mediators and cytokines. A significant increase in interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-α were observed in BALF after conventional mechanical ventilation over 36 hours in patients with ARDS 18 . However, inhalation of anti-inflammatory mediators such as IL-10 can reduce lung injury 19 .
In the current study, high tidal volume MV markedly increased the production of IL-8 and TNF-α compared to the control group. These findings suggest a central role for IL-8 and TNF-α up-regulation in lung inflammation induced by mechanical stretch. In addition, treatment with hypercapnia significantly decreased the expression of IL-8 and TNF-α, suggesting that hypercapnia has potential anti-inflammatory effects for the treatment of VILI by inhibiting the production of inflammatory cytokines.
Previous studies have found that neutrophils are predominant in the BALF obtained from animals undergoing high tidal volume MV. MPO activity (a peroxidase enzyme that is most abundantly expressed in neutrophil granulocytes) reflects neutrophil infiltration following local tissue or organ injury. Attenuation of MPO activity has been shown to reduce associated pulmonary neutrophil infiltration and improve lung histology in an isolated and perfused rat lung model. The current study showed that high tidal volume ventilation was associated with a significant increase in MPO activity and that HPC treatment improved the effects of VILI. In addition, our results suggest that HPC can reduce lung inflammation by reducing neutrophil infiltration.
Hypercapnic acidosis may itself have an antiinflammatory effect. Early studies of VILI by Hickling et al. 20 demonstrated that hyperventilation of normal lungs with high airway pressure produces significant lung injury and death. However, if sufficient amounts of inhaled CO2 were administered to achieve normocapnia, injury was less severe, and death was delayed. In vitro, acidosis suppresses TNF release by lipopolysaccharide-stimulated rabbit alveolar macrophages. De Smet et al. 21 reported that hypercapnic acidosis significantly reduced the levels of TNF-α and IL-6 in the lavage and perfusate from unstimulated and lipopolysaccharide (LPS)-stimulated isolated perfused rat lung, indicating that hypercapnia had a protective effect by modulating inflammatory responses 22 . Increasing evidence suggests that hypercapnic acidosis directly inhibits the activation of NF-κB. Intriguingly, this effect of hypercapnic acidosis may be a property of the CO2 rather than its associated acidosis [23] [24] [25] [26] .
Uchida et al. 27 found that the inflammatory reflex of the vagus nerve can be activated by acetylcholine released from efferent vagal endings. Acetylcholine, combined with alpha7 nicotinic acetylcholine receptors (a7-nAChR), which are located between macrophages, monocytes, lymphocytes and dendritic cell surfaces, block the NF kappa B signaling pathway, inhibiting pro-inflammatory cytokine synthesis and alleviating the inflammatory response. The present study found that the vagus nerve responds to an increase in PaCO 2 levels with an increase in discharge rate. In addition, an intact vagus nerve pathway is required for the antiinflammatory action of hypercapnia as shown through vagotomy. These results implicate efferent vagus nerve signaling in the modulation of acute inflammation in the periphery. Vagotomized VILI rats were not affected by hypercapnia as assessed by pulmonary edema (wet-todry ratio), BALF inflammatory cytokines TNF-α and IL-8, neutrophil counts, MPO activity and structural damage.
In addition, two recent studies have demonstrated that electrical vagus nerve stimulation attenuates VILI induced by injurious tidal volume 28 , and by a two-hit model (hemorrhagic shock followed by MV) 29 .
The present study has several limitations. First, the study was conducted in anesthetized animals, which might have influenced the results. However, the animals studied were anesthetized similarly. Thus, the effect of anesthesia could be counteracted among the different groups. Second, we only observed the effect of right vagal nerve transection in this study. Thus, the effect of left or bilateral vagal nerve transection needs to be further determined. Third, our data suggest that CAP is important as a mechanism of HPC's protective effect on VILI. However, the exact molecular mechanism needs to be investigated.
■ Conclusions
The vagus nerve is at least partially responsible for the anti-inflammatory effects of HPC on VILI. These findings will facilitate further investigation of potential therapeutic approaches for VILI and other inflammatory diseases. Our findings, together with previous research, suggest that the cholinergic anti-inflammation pathway may be a mechanism for the attenuation of VILI. Further studies are needed to better understand the complex protective mechanism of HPC on VILI.
